Despite photodynamic therapy (PDT) advantages over current cancer treatments, PDT still has yet not to gain general clinical acceptance because of low singlet oxygen generation of currently approved PDT photosensitizers. Herein, a novel composite of singlet oxygen enhancement was made up of phosphotungstic acid(PTA) and 5,10,15,20-tetraphenylporphin (TPP) by a simple method. TPP as the energy acceptor of fluorescence resonance energy transfer can effectively convert emitted energy from energy donor PTA into additional singlet oxygen production effect for improving PDT. Efficient intraparticle energy transfers from PTA to TPP and high enhancements in TPP emission of PTA/TPP were observed. Moreover, the in vitro biocompatibility and in vitro photodynamic therapy of this composite was further investigated. These results suggest the PTA enhances singlet oxygen of TPP and the PTA/TPP composite is much more effective on antitumor compared with pure TPP. Our results suggest that PTA/TPP can act as a promising photosensitizer for cancer therapy in photodynamic therapy field.
INTRODUCTION
PDT has come into vogue as a highly effective treatment for neoplastic diseases， which leads to selective destruction of malignant tissues without damaging adjacent healthy ones [1, 2] .Despite PDT's advantages over current treatments, PDT still has yet to gain general clinical acceptance. Currently approved PDT photosensitizers, such as porphyrin, have low two-photon absorption cross-sections(σ: 1-50 GM; 1GM=10-50 cm 4 s photon -1 ) and limit their efficiency in the singlet oxygen by two-photon excitation [3, 4] . Therefore, many approaches have been doing to strengthen PDT's singlet oxygen. Resonance energy transfer from materials with large two-photon absorption cross-sections to photosensitizers can be utilized to improve the efficiency of singlet oxygen under two-photon excitation [5] , such as anjx@163.com silica nanoparticles [6] , quantum dot [7] , block copolymer [8] . However, it should be pointed out that these approaches involve sophisticated chemical synthesis in general.
In order to improve the efficiency of singlet oxygen, photosensitizers are compositeized with various materials. The employed materials have photocatalytic property always [9] . Recently, the Keggin-type phosphotungstic acid(PTA), owing to its super high photocatalytic property, has attached much attention [10] . Herein, we choose PTA, owing to their photocatalytic properties, as an inorganic material to improve the efficiency of singlet oxygen. This research showing that polyoxometalates can improve the efficiency of singlet oxygen under two-photon excitation. PTA/TPP was prepared through phosphotungstic acid was mixed with different amounts of TPP dichloromethane solutions. This synthetic technique is considerably simpler with comparison to the before reported.
EXPERIMENTAL SECTION

Materials
and Characterization. 5,10,15,20-tetraphenylporphin, phosphotungstic acid, poly (ethylene glycol) diacrylate (PEGDA, Mn:~575g/mol), poly (ethylene glycol) 400 (PEG 400), dichloromethane (CH2Cl2), potassium dihydrogen phosphate (KH2PO4), disodium hydrogen phosphate (Na2HPO4), sodium chloride (NaCl), potassium chloride (KCl), dimethylsulfoxide (DMSO) were bought from Aladdin reagent database Inc. China. DMEM (High Glucose) (Gibco, USA),3-(4,5-dimethyl-2-thiazolyl) -2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342 and propidium iodide were from Sangon Company, Shanghai. 1,3-diphenylisobenzofuran (DPBF) was bought from Acros Organics. All chemicals were of analytical grade and double distilled water was used throughout.
UV-Vis absorption spectra of samples were measured with U-4100 UV spectrophotometer (Shimadzu Corp. Japan). Fluorescence images were performed and recorded on a DMI 3000B inverted fluorescence microscope (Leica, German). Fourier transform infrared spectroscopy (FTIR) (Nicolet 870, America) with a resolution of 4 cm -1 and a wave number range from 400 to 4000 cm -1 using the KBr pellet technique was utilized to acquire evidence of the dry powders. The OD values of the MTT assay were measured by a RT-2100C spectrophotometric microplate reader (Rayto, PRC).
Preparation of the PTA/TPP Composite. 0.5 mg PTA was added in dichloromethane and mixed with different amounts of 0.1 mg/mL TPP dichloromethane solutions. In this study, PTA/TPP complex was called c1, c3, c5, c8 when PTA and TPP mixed at the mass ratio of 10:1, 10:3, 10:5, 10:8, respectively. Pure TPP solution with the same TPP concentrations but without PTA was marked as p1, p3, p5 and p8, respectively. All solutions were kept in the dark place.
Fluorescence Resonance Energy Transfer Tests. Fluorescence resonance energy transfer tests were adopted a manner reported by Mugnier et al
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. PTA/TPP composite was excited at 251 nm exciting wavelength which was chosen to selectively excite PTA and avoid direct excitation of TPP. TPP solution was excited at 419 nm exciting wavelength which was chosen to only excite TPP.
Two-Photon Excitation Fluorescence Experiments. Two-photon excitation fluorescence experiments were determined by using a spectra physics femtosecond Ti: sapphire oscillator (Tsunami) as the excitation source. The output laser pulses have a central wavelength at 760 nm with pulse duration of 100 fs and a repetition rate of 80 MHz. The laser beam was focused onto the samples that were contained in a cuvette with a path length of 1cm. The emission from the samples was collected at a 90° angle by a pair of lenses and an optical fiber that was connected to a monochromator coupled with CCD (Princeton Instruments, Pixis 100B) complex. A short pass filter with a cutoff wavelength at 750 nm was placed before the spectrometer to minimize the scattering from the pump beam. The experiments were in air and at room temperature.
Singlet Oxygen Measurements. 1 mL solution was mixed with 19 mL DPBF-ethanol solution (8 mmol/L). Then the resulting solution was irradiated with a laser source at 40 mW•cm -2 , and their absorbencies at 410 nm were recorded at 1 min intervals, using a U-4100 UV spectrophotometer. The irradiation wavelength used to excite the sensitizers was 660nm.
In Vitro Biocompatibility Assay. Hela cells were seeded at a density of 510 3 cells per well into 96-well plates and incubated for 24 h at 37°C in a humidified atmosphere with 5% CO2. After removing the culture media, powder prepared from PTA/TPP composite was dissolved in the dark and subsequently added to dulbecco's modified eagle medium (DMEM). Then 100 μL samples were put in 96-well plates each well. The experimental cells were grouped into control group and light group. The light group was exposed to a 660 nm laser light source (200 mW•cm -2 ) for 20 min and further cultured for 24 h. After removing the older culture media and washing three times with DMEM, 10 μL 5 mg/mL MTT was added to 90 μL fresh culture medium in each well and further cultured for 4 h. Then, remain solution in each well was replaced with 150 μL DMSO. By dissolving formazan in DMSO, the absorbance at 490 nm can be measured by a spectrophotometric microplate reader (Rayto RT-2100C, Shenzhen, PRC). Thus, the number of viable cells in proportion to the absorbance of formazan can be quantified. The experiments were repeated three times.
RESULTS AND DISCUSSION
As showed in Fig. 1a , the Soret band of TPP was partially overlapping with the emission spectrum of the PTA. Therefore, TPP as the energy acceptor of fluorescence resonance energy transfer can effectively convert emitted energy from energy donor PTA into additional singlet oxygen production effect on improving PDT. From Fig. 1b , it can be seen that PTA/TPP formed a larger electron delocalization through the intermolecular forces interaction, which led to the C=N bond of TPP shifts to longer wavelength (1701 cm -1 ). The characteristic absorption peaks at 800, 890, 983 and 1080 cm −1 were obviously observed in both PTA/TPP and PTA. These can be summarized as: the peaks at 800, 890 cm −1 show the W-Oc-W, W-Ob-W bending vibration of PTA, the peaks at 983, 1080 cm −1 which were due to the W-O, P-O symmetrical stretching vibration of PTA. Furthermore, the peak at 1234 cm -1 indicated the C-N stretching vibration of TPP, the peak at 1367 cm -1 showed the conjugation of C=N between n-lone pair and porphyrin ring, and the band revealed at 1639 cm −1 can be attributed to aromatic C=C bond stretching vibration in the graphene structure. UV-Vis absorption spectra of PTA/TPP were characterized. From Fig. 2a , it can be seen that an intense B band between 380 and 430 nm, and a weak Q band at 500 and 600 nm enhance rapidly with the content of TPP increased. This result confirmed that PTA/TPP forms a larger electron delocalization, which was consistent with the color change in our experiment. Moreover, fluorescence spectra of PTA/TPP were shown in Fig. 2b . In this study, the excitation wavelength was chosen at 251 nm to selectively excite PTA and avoid direct excitation of TPP. The fluorescence spectra of PTA/TPP in the range of 250-400 nm were quenched along with the increase of TPP. The results indicate that a new emission band centered at ~660 nm appeared due to energy transfers from PTA to TPP. As shown in Fig. 3 , the emission fluorescence intensity of PTA/TPP was strong than that of TPP. Particularly, PTA/TPP composites named c5 and c8, show more than 15-fold enhancement in TPP emission (Fig.3c & Fig.3d ). The result of large emission amplification can be explained by energy transfer from the PTA, which had a larger light absorption capability. Moreover, the emission fluorescence intensity of PTA/TPP shows 1.2, 8.5, 13 and 16-fold enhancement, which manifested that the intensity ratio of PTA/TPP and TPP is enlargement with the increase of TPP content. Nevertheless, with the content of TPP increased, fluorescence intensity reduced both PTA/TPP and TPP. The reason might be caused by self-aggregation of TPP molecules is more and more strongly with the content of TPP increased, which declines their fluorescence efficiency. Fig.4 showed the two-photon excitation emission spectra of PTA/TPP under irradiation with femto-second laser pulse at 760 nm. Under two-photon excitation, pure TPP displayed a weak emission at ~700 nm due to small two-photon absorption cross sections of the TPP molecules. In contrast, the two-photon excitation emission at 700 nm of PTA/TPP enhanced by a factor of about 1.47 for c5. Two-photon excitation fluorescence amplification is due to a large difference in the two-photon absorption cross sections of PTA/TPP and TPP. DPBF has a characteristic absorption peak at 410 nm in UV-vis spectrum and is degraded by singlet oxygen. From Fig. 5b , it can be seen that the degradation speed of is faster than a TPP solution in the same experimental conditions. It is inferred that the singlet oxygen of PTA/TPP composite is more efficient than TPP solution. Therefore, singlet oxygen is effective through fluorescence resonance energy transfer from PTA to TPP. To verify the cytotoxicity, we used the MTT assay to examine the viability of Hela cells. The cells were incubated with different TPP solutions for 24 h in the dark and examined with MTT assay. The control groups were added different TPP solutions and irradiated by light (40 mW, 20 min) at 660 nm, then incubated with for 24 h in the dark and examined with MTT assay. From the results shown as Fig. 6 , the cell viabilities of all solutions in the dark were higher than 97%. Both PTA/TPP and TPP had little effect on killing Hela cells. Therefore, both PTA/TPP and TPP were low-cytotoxic and high biocompatible without irradiation. However, PTA/TPP had much effect on killing Hela cells. The killing cancer cells effects of different PTA/TPP composite showed a continuous decrease with the increase of the content of TPP with irradiation condition. As can be noted from Fig. 6 , PTA/TPP (c8) has more efficient than the others on killing Hela cells. Besides, we found that the cell viabilities continuous decrease with irradiation time. Accordingly, those results suggest that PTA/TPP can efficiently generate singlet oxygen and damage cancer cells. 
CONCLUSIONS
In summary, we describe a simple method to set up a new singlet oxygen improvement composite. Firstly, PTA/TPP was successfully prepared by a simple and mild solution method. Compared to other methods to obtain a high yield of singlet oxygen, such as chemical modification, this method is simple and easy to obtain. Secondly, PTA/TPP can effectively enhance the singlet oxygen production capacity was confirmed. Efficient intraparticle energy transfers from PTA to TPP and high enhancements in TPP emission of PTA/TPP under one-photon excitation were observed. Thirdly, the composite was applied on photodynamic therapy. MTT experiments show that PTA/TPP is much more effective on antitumor compared with pure TPP. Our results suggest that PTA/TPP can be invoked as a novel photosensitizer in photodynamic field.
